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ABSTRACT

The Ocean Portable Hyperspectra Imager for Low-Light spectroscopy (Ocean PHILLYS), is a new
hyperspectrd imager specifically desgned for imaging the coasta ocean. It uses a thinned, backside
illuminated CCD for high sengtivity, and an dl-reflective spectrograph with a convex grating in an Offner
configuration to produce a digortion free image. Here we describe the instrument design and present the
results of |aboratory calibration and characterization and example results from a two week fidd experiment
imaging the coastal waters off Lee Stocking, 19and, Bahameas.
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1. INTRODUCTION

The Navy is in the midst of a fundamenta shift avay from open ocean warfare on the sea towards joint
operations from the sea. To support that effort the Navy and Marine Corps need methods for determining
shdlow water bathymetry, topography, bottom type compostion, detection of underwater hazards, water
daity and visibility'.  Visible radiation is the only dectromagnetic tool that directly probes the water column,
and so is key to Navd systems for bathymetry, mine hunting, submarine detection, and submerged hazard
detection. Hyperspectral imaging systems show great promise for meeting Nava imaging requirements in the
littoral ocean. To support the development of these applications and to test design features for the Coastd
Ocean Imaging Spectrometer (COIS) to be flown on the Naval Earth Map Observer (NEMO) spacecraft®®
in 2000 we have designed and built the Ocean PHILLS ingrument. This paper discusses the genesis of the
Ocean PHILLS instrument, results of [aboratory cdibration and characterization, and results from the first field
campaign to Lee Stocking Idand in the Bahamas.

2. DEVELOPMENT OF THE OCEAN PHILLSINSTRUMENT

Over the past six years the Naval Research Laboratory has built a series of hyperspectral imagers (Portable
Hyperspectra Imager for Low-Light Spectroscopy or PHILLS). The firt PHILLS instruments used
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intengfied cameras to ded with low-light conditions. These insruments provided great sengitivity, but they
could not to be cdlibrated due to the variable and changing response of the intensfied camera. Unintensified
cameras proved useful for other applications, but they were not sensitive enough for imaging the ocean, which
is an extremely dark target. Additionaly, most cameras were limited to the standard video formats, and
provided a most 600 pixels across track, too limited for imaging large ocean scenes. Large format cameras
were available, but they were dther very expensive or had very dow frame rates (<5 Hz). Bowles, et d.*
describes three of the earlier PHILLS cameras and their calibration and characterization.

Recent improvements in larger format detector arrays have extended the flexibility of designing high resolution,
high sgnd-to-noise imaging spectrographs, dlowing for wider swaths and higher spectrd resolution, even for
low abedo scenes such as the coastal environment. The Ocean PHILLS uses such a detector in a pushbroom
scanned ingrument whereby the cross-track ground pixels are imaged with a camera lens onto the
spectrometer entrance dit, and the aircraft motion is used to sequentialy acquire new lines of the aong track
ground pixels. The light passng through the entrance dit is dispersed by the spectrograph onto a two-
dimensiond detector array to obtain the spectrum for each spatia point. The ground sample distance (GSD)
in the dong-track direction is smply the product of the integration time and aircraft ground speed. The cross-
track GSD is approximately the product of fore-optics lens foca length and the detector pixd pitch for a 1X
magnification spectrograph. Although the spectrograph is telecentric (with the entrance pupil a infinity) we use
a standard Gmount 1" format video lens which is not telecentric. However, for lenses greater than 25 mm
effective focd length the vignetting is negligible.

A new spectrograph design has resulted in a mgjor improvement in image quality. The key requirements for
the spectrograph are hgh throughput, low digtortion, and high image qudity. A grating imaging spectrograph
was chosen for its advantages over other hyperspectra technologies such as those incorporating prism, wedge
filter, and interferometric techniques™®’. The primary advantage is the Smultaneity in acquisition of linearly
dispersed spectrum without the need of post-processing, other than non-uniformity correction of the detector.
The main limitations that traditionad grating based systems have typicaly encountered are correcting for
apertures fagter than /4, multiple diffraction orders, and polarization effects. Other problems associated with
imaging spectrographs are the change of disperson angle with fiedld pogtion (smile), and change of
meagnification with spectra channe (spectrd keystone). These digtortions limit the robustness of subpixed

demixing and detection agorithms. The HyperSpec™ spectrograph was designed by American Holographic,
Inc. (Fitchburg, MA), to meet NRL specifications, and it avoids these problems through the use of an Offner
Spectrograph with an aberration-corrected diffraction grating. (Figure 1). The Offner spectrograph design has
inherently low smile and keystone distortion due to its concentric design symmetric about the aperture stop®.
The design was optimized with mirror tilts and the gratings holographic condruction point postions as
variables, to baance third- and fifth-order astigmatism. The spectrograph is designed with a groove density of
55 grooves/mm; this matches with the camera pixe pitch to produce the desired spectral resolution and range.

The primary sdection criterion for the camera were a frame rate of > 30 Hz, high quantum efficiency in the
blue (400 — 450 nm), large dynamic range, and low noise. The required format was 1024 spatia pixels by at
least 120 spectral channels each 5 nm wide covering the 400- 1000 nm spectral region. A thinned, backside-
illuminated, split frame-trangfer, four readout CCD camera from PixdVision Inc.
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Figure 1. Design and specifications for the Hyper Spec™ VS-15 Offner Spectrograph.

(Beaverton, OR) was sdlected. The PixelVison camera had a low noise specification (<30 dectrons) and
aufficient well depth to meet the SNR and 12-bit dynamic range requirements. The spectrometer disperson is
designed to illuminate only one sde of the array (2 of the 4 outputs). The 512 pixds in the spectrd direction
are normdly binned by four on the CCD chip to yield 128 spectrd channds. Thinning of the CCD detector
alows the photo-generated eectrons to be detected closer to the polysilicon gates prior to recombination,
thus greetly increesng the quantum efficiency in the blue where silicon strongly absorbs photons.  Other
attributes of the detector considered in characterization and calibration were the different gains for the two
outputs of the array, and frame-transfer smear. Tests showed that these potentid artifacts do not adversaly
impact the overal sensor performance to any measurable degree.

A recent addition to the sensor system was a stabilization mount, which reduces blur introduced by the aircraft
vibration during data acquisition. Also, since the 2™ diffraction order of 350-500 nm overlaps the region from
700-1000 nm, a UV/blue absorption filter was placed on the camera window to block that order.

3. CALIBRATION AND CHARACTERIZATION OF OCEAN PHILLS

Char acterization.

Understanding sensor performance is criticd to extracting the correct information from a data st
Hyperspectral sensor characterization can be divided into the broad areas of spatia image quality, spectra
fiddity and radiometric performance. Image qudity is Smilar to that of atypica imager, with metrics of spot
size and digtortion. Spectrd quality can be specified in terms of adjacency artifacts (smile or keystone
digtortion, blur), and area artifacts (Stray light, ghost reflections, multiple orders, and frame transfer smear).



Spectrd artifacts can lead to misclassfication of spectra sSgnatures. Radiometric performance includes
linearity, sgnd-to-noise (sengtivity), and dynamic range. This ultimatey determines the precison and
accuracy of the data product. The radiometric performance is a function of wavelength, spatia position, and
tempord dability.

The spatid performance was measured with a near-fild target with spectrd lines, in this case a fluorescent
tube masked with a bar pattern (Figure 2a, Table 1). Inherent in the measurement is the inexact nature of the
target and the modulation transfer function of the detector itsef. The RMS spot Sze was caculated by fitting
aspline curve to the edge response for arange of apertures. Although arange of apertures were tested dl of
the cdibration and field data were collected at f/4. All the measurements were for the 12-micron pixel size of
the PixelVison camera. For f/2, the average spot Sze was 2.5 +/- 1 pixds, For /4, f/5.6, and f/8 the average
spot sizes were gpproximately 2, 1.5 and 1.5 pixels respectively, with +/- %2 pixd variaion across the fidd.
An MTF measurement apparatus would be required to make more accurate measurements.

The spectra attributes for the sensor were measured using a diffuser in front of Helium, Argon, and Mercury,
and Oxygen gas discharge lamps. Figure 2b shows the low-pressure Mercury spectrum taken
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Figure 2. Spatial and spectral images from the laboratory calibration. a) Spatial image of the bar
target showing 1024 spatial channds (horizontal) and 128 (512 binned by 4) spectral channels
(vertical dimension). b) Image of a low pressure Mercury lamp showing 1024 spatial channels
(horizontal) by 512 spectral channels (vertical dimension).

Performance Metric at f/4 Value

RMS Spot size (spatid direction) 2 pixds (24 microns)

RMS Spot size (spectra direction) 2 unbinned pixels (24 microns)
Keystone Digtortion <1 pixd

Smile Didortion <1 pixd

Rotation (center to edge) 1 unbinned pixe




Table 1. Measured performance metricsfor the complete system; including lens, spectrograph and
camera.

with the Ocean-PHILLS with the 405 nm line at the top of the image. For these measurements the cameraiis
St up o that it does not bin the datain the spectra direction resulting in 512 spectral channels, each 1.13 nm
wide. One unbinned pixd of rotation was measured from center to edge, with < 1 pixel of keystone and amile
distortions (Table 1). Thisrotation can be corrected with more accurate aignment techniques.

Spectral Calibration.

Laboratory spectrd cdibration is performed using the emission lines from Helium, Argon, and Mercury, and
Oxygen gas discharge lamps. Thisis estimated to be accurate to one pixd or 1.13 nm. Inthefied the
spectrum is checked using sharp atmospheric features such as the Oxygen absorption a 762nm and the
Fraunhoffer line at 431 nm. These are eadly resolved in the unbinned 1.13 nm resolution data. For naturd
scene data the atmospheric correction is very sensitive to the correct spectra cdlibration. By adjusting the
spectrd cdibration in 0.1 nm steps to minimize the error spikes around the strong atmospheric absorption
featuresit is possible to adjust the spectra calibration to an accuracy of 0.3 nm.

Radiometric Calibration.

Radiometric cdibration is accomplished using a40” integrating sphere with a bluefilter to provide ablue-rich
signa more comparable to an ocean scene than the unfiltered sphere output. Datais collected at five settings,
2,4,6,8,and 10 lamps, and for dark current at each setting. A linear least squaresfit to the datais used to find
the gain and offset. The datais highly linear and using a higher order polynomia does not significantly improve
thefit.

4. RESULTSFROM LEE STOCKING ISLAND

The Ocean PHILL S ingtrument was used in the Office of Naval Research (ONR)-sponsored Coastdl Benthic
Optical Properties (CoBOP) experiment at Lee Stocking Idand, Bahamas in May-June 1999. The focus of
CoBOP istheinteraction of light with the benthic environment — the seafloor and bottom dwelling organisms —
in various environments including sediment, seagrass and cordl reefs. In addition to the basic science there is
adirected effort in remote sensing for seefloor imaging and classfication. The fied experiments are designed
to coordinate the in Situ data collection needed for the basic science initiatives with that needed to provide
ground truth for vaidating the remote sensing images.

A map of Lee Stocking Idand and neighboring Norman's Pond Cay is shown in Figure 3. Superimposed are
the five flight lines that were flown by the PHILL S aircraft during every flight. Thelinesrun a an angle of 83°,
which is digned with the solar azimuth during the scheduled flight hour of 9:00 - 10:00 am locd time. Thetime
of day was sdlected to achieve a solar zenith angle of about 40° — 55° in order to minimize sun glint, and the
direction minimizes differentid lighting acrossthe scene. The arcraft used was an Antonov AN-2 Soviet-
design biplane, operated by Bosch Aerospace (www.boschaero.com). The aircraft is capable of sustained




low speeds of 85-90 knots (45 nVs), ided for maximizing Signa level over dark water targets. Lines 1, 2, and
3 are each about 8 km long, and are covered in about 3 minutes. All five lines were generally covered in one

hour. Line 4 is 12 km long, extending to the east where the water becomes very deep and suitable for deep
water cdibration.

The stars on Figure 3 indicate the areas of interest for the basi ¢ researchers where extensive “ ground- truth”
data were collected. The areas include different bottom types— coral, sand, seagrass — sometimes within the
samelocd areq, at avariety of depths. Most of the region is quite shallow; the degpest point between the two
idandsisonly 7 m deep. East of Lee Stocking I1dand the depth increases more rapidly, but the cora reefs a
North Perry and Horseshoe are visible through the water. The deep water cdibration Site, at the end of Line
4 (off the map) isin water hundreds of meters deep where the bottom is not visible. Shipboard measurements
of remote sengng reflectance made at the same time as the overflight will be used to vdidete the aircraft
measurements and atmaospheric correction.
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Figure 3. Thefive standard flight lines (parallel linesrunning roughly east to west) flown during the
CoBOP experiment at L ee Stocking Idand (on right), Bahamas. North isat thetop of the map.



Datafrom dl five flight lines were collected successfully on five days. Figure 4 shows part of flight line
2 from June 1, 1999. The characterigtics of the different bottom types are visble even in this single-band
image from 560 nm. The dark areawest of Norman's Pond Cay (insde the box) is the grapestone, which is
oalitic sand grains (very fine sands of precipitated calcium carbonate) cemented together. The dark area east
of the Cay isrelatively deep water, and the bright white areas are shdlow shodlss, less than 2 m deep, with
sandy bottom. There are dark patches of seagrasses near the northwest of Lee Stocking Idand. East of Lee
Stocking Idand are the cord reefsin the area where the image becomes darker.  Spectra from the
Grapestone area are shown in Figure 4. These have not been atmospherically corrected, and show the
radiance at the aircraft. Although they include the path scattered radiance from the atmosphere, there are il

very identifiable differences between the bright sandy area, the darker grapestone, and the shalow nearshore
region.
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Figure4. A singleband image of flight Line 2 from June 1,
1999. West isat the bottom of theimage and East isat thetop.
Example calibrated spectrataken from the Grapestone area
(box) are shown in thegraph on theright. The darkest spectra
isthe grapestone, and the highest signal isfrom a shallow
sandy area.

After calibration, the next step is atmospheric correction. This process is sengitive to atmospheric conditions,
some of which — such as aerosol content — are difficult to measure. We are working with avariety of



techniques to make the correction, and we will compare the results to measurements of remote sensing
reflectance made from ships. The deep water cdibration Site will be especidly helpful, asit isfairly
homogeneous over alarge area, and has a known spectral shepe due only to water and the phytoplankton
(sngle celled plants) in the water. Since the data must be atmosphericaly corrected for comparison to ground-
truth measurements, the effects of calibration and aimospheric correction are intertwined, and it often requires
an iterative process to fine-tune both corrections. Once the data are suitably corrected, they will be andyzed
to determine water column properties and bottom type and depth, using the ground-truth data as validation.

5. DISCUSSION AND CONCLUSIONS

The Ocean PHILLS produces high quality spectrd imagery. The data has very good sengtivity for ocean
scenes. A key dement in this success is the VS-15 spectrograph. There is no measurable (< 0.1 pixel over
the full field of view) amile or keystone in the imagery. A one pixd rotation over the 1024 pixels of the foca
planeis evident in the data. A new more accurate fixture for aligning the camera to the spectrograph is being
designed to correct this error. All of the components of the Ocean PHILLS are commercidly available. This
opens the possihbility thaet a number of people will make smilar insruments, making hyperspectrd imaging
much more widdly available for a variety of gpplications.
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